Coal mine drainage waters are low in pH with varying amounts of iron and manganese and are generally brackish. The Austar Coal Mine in NSW, Australia, sought alternatives to their current lime dosing as the pre-treatment before the downstream reverse osmosis plant. Undesirable operating aspects of the current system include manganese and gypsum scaling/fouling, the need for antiscalants and reduced water recovery. Thirteen processes for acid mine drainage were initially considered. The preferred process of caustic and ozone for Mn(II) oxidation was pilot tested at up to 0.74 kL/hr at the mine site. Under proper conditions and no aeration, about 81 per cent of the Fe could be removed (initially at 156 mg/L) as green rust. Supplemental aeration followed first-order kinetics and allowed 99.9 per cent Fe(II) oxidation and removal but only with a hydraulic residence time of about 47 minutes. The addition of supplemental Cu catalyst improved Fe removal. Ozone applied after caustic was effective in stoichiometrically oxidising recalcitrant Mn(II) and any remaining Fe(II). Control of the ozonation was achieved using the oxidation reduction potential during oxidation of the Mn(II) species. The use of caustic, followed by ozone, proved economically comparable to the current lime pre-treatment.
INTRODUCTION
Australia provides around 30 per cent of the world coal trade and in 2011 was the world's largest exporter of metallurgical coal and second largest exporter of thermal coal. One of the major production expenses of mining in general is the management of potentially acid-generating wastes during production and post mine closure. The Australian mining industry spends an estimated $US100 million per year managing potentially acid-generating wastes from operating mine sites (Ciccarelli et al. ) and over 15 years the costs can amount to about $A900 million (1997 dollars) Harries () for the whole Australia industry. Wilson () estimated the global cost for environmental liabilities of acid generating wastes at $US100 billion.
Acid mine drainage (AMD) occurs when sulphidecontaining ores are exposed to oxygen, water and certain types of acidophilic bacteria. The ferric or Fe(III) leaching of pyrite to form ferrous iron or Fe(II) is shown in Equation (1) and the bacterial oxidation of ferrous iron to ferric in Equation (2) (Rawlings et al. ) Fe(II)S 2 þ 14Fe(III) þ 8HOH
The traditional method for treating mine drainage has been its collection into dams, lagoons and ponds and the addition of alkaline chemicals, usually lime because of its lower cost. Lime converts carbonic acid and bicarbonate alkalinities into carbonate alkalinity as per Equations (3) and (4), respectively. Roughly, 1.3 kg of calcium carbonate hardness is created for every kg of 93 per cent hydrated lime added.
The higher the amount of total carbonate in a system, the higher the buffering capacity against acid and alkali. Heavy metals will precipitate under the resulting alkaline conditions according to their solubility product chemistry. Mn(II) and Fe(II) species, however, are better precipitated after oxidation, with Mn(II) being the most recalcitrant to natural oxidation until a pH ! 9.5 as shown in Table 1 .
The kinetics of Equation (2) for ferrous iron can be expressed empirically as Equation (5) (Stumm & Lee ) .
where k ¼ rate constant, L 3 mol À3 , and equal to 1.1 ± 0.5 at T ¼ 20.5 W C with total alkalinity between 0.009 and 0.039 as mg CaCO 3 /L; t is time in minutes; [O 2 ] is the dissolved oxygen concentration in mg/L; and [OH À ] is concentration of hydroxyl anions. The time for complete oxidation of ferrous iron is of the order of minutes in an aerated solution when pH is above 7.0. Stumm & Lee () showed a 100fold increase in the Fe(II) oxidation rate for single pH unit increase as per the quadratic hydroxide functionality of Equation (5).
Fe(III) forms solute complexes with OH À and can precipitate as iron oxyhydroxides (e.g. FeOOH), with the pH decreasing during oxidation. Mohajane et al. () with a synthetic coal mine water showed that Fe(II) oxidation had first-order dependence on the Fe(II) concentration, oxygen pressure, amount of recycled sludge, limestone dosage and the mixing rate as shown in Equation (6) (6) where Fe(II) is the concentration of ferrous iron, P O2 is the oxygen pressure above the mine drainage; CaCO 3 is the limestone concentration, SS is suspended gypsum and ferric hydroxide sludge, and SR is the shaking or mixing rate. However, the exponents over the SS and SR are so small as to be neglected. Oxidation of Mn(II) by natural dissolved oxygen is not practical until the pH is at least 9.5 (Table 1 and Pourbaix diagram in Figure 3 ). A lime system can only achieve this pH level with substantial lime dosage and sludge production as shown in the bench scale testing in Table 3 . The presence of sulphate in mine drainage in combination with lime addition also means downstream gypsum scaling in addition to the large amount of waste solids. These disadvantages for a lime pre-treatment before a reverse osmosis (RO) system were sufficient to consider alternative approaches.
This study explored alternatives to lime pre-treatment of AMD specifically for the Austar Coal Mine (Austar) of Yancoal located in the Newcastle coalfields of New South Wales, Australia. The mine produces about 2 million tonnes per annum of coking coal. The mine utilises deep underground coal mine longwall top coal caving technology, used extensively in China (Humphries et al. ) to maximise thick seam coal recovery. The study sought to reduce lime sludge quantities and reduce gypsum and manganese scaling prior to the RO units. Initial jar testing and bench studies were conducted, followed by pilot testing of the preferred option.
MATERIALS AND METHODS

Current mine drainage treatment system
The Austar mine drainage originates from two shaft pumps that direct flows through two in-series dams. These two dams in total oxidise about two-thirds of the Fe(II) and about one-third of the Mn(II) before lime pre-treatment. The typical water quality that is pumped for pre-treatment with lime is shown in Table 2 . After addition of up to 350 mg/L of hydrated lime in pretreatment, the drainage flows to a third in-series precipitation dam, the design of which acts as a plug-flow reactor. The effluent from the precipitation dam shows removal of essentially all of the iron (down to 1 ± 1 mg/L) and manganese down to 8.4 ± 1.2 mg/L. The flow from the precipitation dam flows into a fourth in-series process water dam before being dosed with anti-scalant and pumped for RO treatment. The RO product water is used for site reuse and environmental discharge.
The disadvantages of the current system include: (i) a restricted treatment capacity if operations need to increase, (ii) piping and equipment are plagued by gypsum scaling, (iii) significant difficult-to-remove waste solids, (iv) membrane life reduction, and (v) low water recovery.
Consideration of pre-treatment process options
The management of acid drainage has continually evolved over the years. In addition to augmentation and optimisation of the current lime system, three broad classes of process alternatives were considered in this study: (1) use of oxidants, (2) use of biological oxidation and reduction, and (3) ion exchange for a total of 13 separate options.
Augmentation of current lime system
It is well known that limestone or hydrated lime treatment is the most cost-effective treatment for neutralisation of acid mine water, and partial sulphate removal to levels of 2,000 mg/L can be achieved. Greater lime use (pH >11) can reduce sulphate further to 1,200 mg/L (Geldenhuys et al. ) . This could potentially reduce scaling and corrosion problems but would exacerbate the waste solids problem. Preventing gypsum scaling in the current effluent management system has generally not been cost-effective and the anti-scaling agents used are expensive and usually not recommended for lime treatment plants.
Use of oxidants
If lime were to be replaced, an oxidising agent would still be necessary to reduce the Mn(II) concentration. Zogo et al. () reported that Okpara dam water with 30-50 mg/L of iron and 1.5-4.5 mg/L of Mn at a pH of 5.6 to 6.7 was successfully pre-treated with 2.5 mg/L potassium permanganate (KMnO 4 ), for 99 per cent elimination of iron and about 72 per cent of manganese at a pH of 6.5. Sodium hypochlorite (NaOCl) is a site chemical and another oxidant possibility but a constant use would incur a background demand penalty of 50 mg NaOCl/L due to its reaction with a background concentration of up to 7 mg/L ammonia. Ozone (O 3 ) is the strongest commonly used oxidant and can be made on site less expensively than KMnO 4 . Ozone also reacts with ammonia but the reaction is slow at pHs < 9 (Holgné & Bader ). Tewalt et al. () used a USGS patented process (described by Sato & Robbins ) at the Little Toby Creek treatment plant in Pennsylvania, a limestone-based process for AMD, for removal of iron at a pH of 6.0. The use of ozone at an oxidation reduction potential (ORP) of 450 to 600 mV reduced Mn(II) from 11.6 mg/L to 0.2 mg/L after the existing limestone treatment. It was noted that the settlement of particulate Mn(IV) proved difficult, which is well known in potable water treatment with manganese and ozone.
Biological treatment
The current dams do oxidise some iron and manganese, probably by Acidithiobacillus ferrooxidans due to the prevalent low pH. Meruane & Vargas () concluded that oxidation by this bacteria of Fe(II) predominates over its chemical oxidation at pHs below 5.0. If one considers more passive treatment systems for acidic mine waters, the Western Australian proposed guidelines (Degens ) considered a number of options for 'end of drain treatment' including anoxic and oxic limestone drains and composting wetlands. At over 300 mine sites in the bituminous coal region of the eastern United States, AMD is being treated biologically in constructed wetlands (Hammack & Hedin ) . Biological neutralisation of AMD in man-made wetlands has also been described by Skousen et al. () . More active biological treatment is highly dependent on pH and redox. Conditions are significantly different for optimal Fe(II) removal as opposed to Mn(II) removal and two separate process units can be required. Anaerobic treatment with an external carbon source was used by Hammack & Hedin () with a synthetic acid mine water with sulphate of about 400 mg/L and Fe(II) of 100 mg/L. Removal of 80 per cent of the iron, 50 per cent of the manganese and 55 per cent of the sulphate with an influent pH between 2.5 and 3.5 was achieved with a final effluent pH of between 6.4 and 7.2. Case studies for sulphate removal at the Landau colliery in South Africa reported by Lorax Environmental () concluded that biological sulphate removal was amongst the better methods trialled. Modelling of the Austar RO train with the Dow ROSA version 9.1 software showed that reducing sulphate by 50 per cent could potentially improve water recovery by 10 per cent.
Ion exchange
West et al. () describe an ion exchange-based technology to reduce sulphate levels in mine drainage, involving firstly a strong acid cation resin unit to selectively remove Ca(II) and Mg(II), followed by a weak base anion exchange unit to selectively remove the sulphate. In both stages, gypsum was separated and filtered.
The literature review and the practicalities of using specific technologies on site narrowed the options to those that were further explored with jar and bench scale testing.
Bench scale studies
Jar testing was conducted to better understand the current use of lime and the possible use of caustic as its replacement. Caustic is already used on site to increase the pH of the lime pre-treatment. The use of ozone was tested in bench scale studies and carried further to the pilot trials.
Pilot study equipment
An ozone and chemical dosing pilot plant was designed and housed in a 20-foot container as shown in Figure 1 .
A side stream of the feed normally directed to the lime pretreatment system was used to feed the 1 m 3 /hr pilot plant. Ozone was generated on site by a plant sourced from Plastic Technics, Inc., Racine, WI, USA, from a site-enriched 90 per cent oxygen stream. The ozone gas analyser was supplied by OzoneLab Instruments of Alberta, Canada. The unit was added in-line between the iron oxidation reactor (IOR) and the manganese oxidation reactor (MOR) with ORP control. The pilot plant was fitted with an Allen-Bradley Compact Logix L23 monolithic PLC to control the process with cascade PID controllers. The PLC was connected with a mini SCADA to provide historical trending and data storage for the test runs. The ORP was the main control parameter with the SCADA.
Chemicals and analyses
Fifty per cent caustic for the pilot plant was procured from a local supplier. Iron, manganese and total organic carbon (TOC) concentrations were determined colorimetrically with a Hach Model DR/2700 spectrophotometer and respective Hach test kits. Low range total iron of 0.02 to 3 mg Fe/L was determined via the Hach FerroVer Method, number 8008. High range total iron of 10 to 1,000 mg Fe/L was titrated using the Hach TitraVer Titration Method, number 8214. Manganese concentration was determined using Hach Method 8034 for the range of 0.1 to 20.0 mg Mn/L. TOC was determined by Hach Method 10129 for the range 0.3 to 20.0 mg/L. Chemical oxygen demand (COD) was determined using Hach Method 8000 in the low range from 0 to 150 mg/L.
Coal mine drainage from the second in-series dam (see Table 2 'Before' for water quality) was blended with caustic in the mix tank (MT) as shown in Figure 1 to bring the pH to a designated set point. The contents of the MT flowed into the IOR, which could be optionally aerated, and its contents subsequently optionally ozonated and pumped into the MOR.
RESULTS AND DISCUSSION
Bench scale testing
The current lime pre-treatment system doses to a pH of around 8.3. Jar testing using the Austar mine drainage (see Table 2 ) found the following:
• Lime dosing: no calcium and little sulphate removal occurred at pHs up to 10.5. Approximately 23 per cent of the sulphate could be removed with a reaction pH of 11.5, but lime dose rates of 1,280-1,480 mg/L (dry basis) would be required, with subsequent sludge volumes that occupied about 28 per cent of the 1 L testing jar. This compares with 5 per cent solids occupation of the testing jar at a pH of 10.5.
• NaOH dosing: dose rates of 200 to 218 mg/L (dry basis) were required to raise the pH to neutral, with additional dosages of 6-20 mg/L (dry basis) to adjust the pH back up to neutral following the oxidation reactions.
The results of testing the alternative oxidants KMnO 4 , NaOCl and O 3 on this mine drainage are shown in Table 3 . The results are the averages from six mine drainage samples taken over three consecutive days. All samples for oxidation testing were initially raised by NaOH to a pH of near neutral before addition of the oxidant. As per the kinetics, the pH decreased as the oxidation proceeded. Reaction times were controlled by quenching the oxidation with sodium thiosulphate, the exception being the ozone testing. NaOCl oxidation was carried to breakpoint due to the background presence of 6 ± 1 mg/L of ammonia (Table 2) .
Fe(II) was the most easily oxidised by all the oxidants, including air. Both the KMnO 4 and NaOCl achieved 99.9 per cent oxidation in 10 minutes of reaction time with less than the stoichiometric requirement of 0.94 mg KMnO 4 / mg Fe(II) and 0.62 mg Cl 2 /mg Fe(II), respectively. Ozone oxidation of Fe(II) closely followed the stoichiometric requirement of 0.43 mg O 3 /mg Fe(II). Mn(II) oxidation was as expected more challenging, requiring 145 per cent of stoichiometric dosing of 1.92 mg KMnO 4 /mg Mn(II) and a 16 min reaction time to oxidise 32 per cent of the resident Mn(II). NaOCl required 97 per cent of stoichiometric dosing of 1.3 mgCl 2 /mg Mn(II) but only achieved 32 per cent Mn(II) oxidation in 20 minutes.
Pilot testing
Pilot testing utilised a side stream from the pre-treatment plant. The liquid temperature at the time ranged from 16 to 18 W C and the water quality is shown in Table 2 .
Fe(II) oxidation
The intent of the IOR in the pilot plant process was to remove remaining Fe(II) through pH adjustment and These compounds will slowly oxidise (Morgan & Lahav ) into a variety of stable iron oxide end products such as hematite, magnetite, goethite and lepidocrocite that settle well as opposed to the voluminous Fe(OH) 3 that does not. This oxidation via a colour change from green to orange was observed in the pilot trials. One would expect that the addition of lime causes the same reaction that is ultimately masked by the white lime. Because lime also raises the pH initially to over 8, part of the green rust would almost instantaneously oxidise to Fe 3 O 4 ·nH 2 O (the orange colour) but only to the extent of the dissolved Nomenclature: refer to Figure 1 ; MT, mixing tank; IOR, iron oxidation reactor; MOR, manganese oxidation reactor; Q is flow rate through the pilot plant; HRT, hydraulic retention time; NR, not recorded; Σ reads 'total' in front of a parameter; values are single analyses and means with standard deviations. Mn(II) removal of 99 per cent plus was achieved but dosages of over 500 per cent stoichiometric dosing were indicated, attributed later to over oxidation to Mn(VII) oxygen content of the water. Fe(II) concentrations of 100þ mg/L would be rate limited by the dissolved oxygen (Equation (2)) as was also noted by Hustwit et al. () . When the air was turned on in the IOR, as shown in Runs No. II and III in Table 4 , the green rust turned into the orange FeOOH species. Much of the Fe(II) could be removed without aeration with this mine drainage but lower levels of Fe(II) were achieved with aeration as noted by the theoretical residual ozone demand figures. Run IV in Table 5 showed the best Fe(II) removal using a 47 minute HRT in the MT plus the IOR, with aeration in the IOR and no ozone. Run No. VI in Table 5 showed that a residence time of 20 minutes or less could be used to get Fe(II) down to about 1 mg/L but doubling the residence time to over 40 minutes (Run IV) ensured complete Fe(II) oxidation. 
Mn(II) oxidation
Addition of a catalyst
It has been reported that the presence of some chemical species will catalyse the oxidation of Fe(II) with dissolved oxygen, like the presence of copper (Cher & Davidson ) . This could in theory allow the use of a lower pH and less caustic usage. Although not optimised, in two separate tests, Runs V and VI, run as closely as possible Figure 1 and Table 4 ; ORP, oxidation reduction potential.
in terms of pH and residence times, the addition of 20 mg Cu(II)/L (added in excess, 0.02 mg/L is often enough) in Run VI seemed to enhance Fe(II) oxidation. This was shown by the iron concentrations and pHs in the IOR: 26 mg Fe(II)/L at pH 6.66 without Cu(II), and 5 mg Fe(II)/L at pH 6.25 with Cu(II). Oxidation depresses the pH so the overall oxidation rate is self-limiting. The pilot studies often started with a pH of near 8 in the MT after caustic dosage, which would fall to a pH of 6 to 7 in the IOR when the aeration was on. The use of a catalyst can help to overcome these limitations. Figure 2 shows that the Fe(II) oxidation and removal with this mine drainage also followed first-order kinetics shown in Equation (7), where the first-order rate constant was calculated to be 0.0977 min À1 with R 2 of 0.76 for six points.
[Fe(II)] f [Fe(II)] i ¼ exp ( À 0:0977ÃHRT, min) (7) Figure 2 is a graph of the points from Tables 4 and 5 and also contains a plot of data extracted from Morgan & Lahav () for comparison. The points were pulled from a plot of a batch test done at 25 W C with Fe(II) initial concentration of 100 mg/L at a constant pH of 7.0, hence the high R 2 value. Our pH varied between the MT set point of near 8.0 to as low as 6.25 out of the IOR. The two first-order rate constants were, however, similar. The
Morgan & Lahav () first-order rate constant at pH 6.3 (not shown) was calculated to be 0.0312 min À1 as opposed to 0.1151 min À1 at pH 7.0. The effect of the addition of Cu(II) as a catalyst in Run VI (the square point in Figure 2 not included in the curve fit) puts the point significantly below our curve fit (the discontinuous line). Run V was a parallel run to Run VI but without the Cu(II) catalyst and everything else being approximately the same (included in the curve fit) and is the round point vertically above the square point. The vertical difference between these two points would be the accelerated oxidation rate caused by addition of the copper catalyst. Figure 2 also includes the pH decreasing (the top curve) as the Fe(II) oxidation proceeded.
Control
The cost-effective operation of any ozonation process depends on four factors: cost of production, required ozone dose, transfer efficiency from gas to liquid phases and the need for ozone destruction. Soluble Mn(II) can be oxidised by ozone to form MnO 2 , a fine particulate that is removed in drinking water plants with a sand filter. This process stoichiometrically consumes 0.88 mg of ozone per mg of Mn(II). Over-oxidation of manganese will form pink soluble permanganate, MnO 4 . Permanganate will normally return to MnO 2 over time (20-30 minutes) but over-oxidation is a waste of ozone and costly, whilst under-dosing has ramifications downstream.
The ozone control philosophy most widely practised in the water industry is based on a constant ozone dose. The required ozone dose is determined from laboratory batch or pilot scale tests on the water to be ozonated. A dissolved ozone analyser measures residual ozone concentration at a selected sampling point after ozonation. The ozone reading on the analyzer is compared to a pre-determined set point and the ozone dose is adjusted. Over-ozonation for Mn(II) control can be seen by a colour change in the water. However, a more robust control scheme was sought for the use of ozone on this mine drainage. After reviewing a number of options, it was decided to employ the electrochemical properties of manganese in water.
The most useful tool to visualise these properties is the Pourbaix diagram (named after Marcel Pourbaix 1904 -1998 . The Pourbaix diagram (also known as an Eh-pH diagram) presents as a phase diagram that shows equilibrium conditions as straight lines along which activities are equal for species on either side of the line, as calculated from the Nernst equation. Vertical lines separate species that are in acid-base equilibrium, non-vertical lines separate species related by redox equilibria and dashed lines enclose the practical region of stability of the water solvent to oxidation or reduction. The Pourbaix diagram for manganese and water is shown in Figure 3 .
The ORP when kept within a defined ORP range was found to be an effective control for ozone dosage for Mn(II) oxidation in this mine drainage, as it was for Tewalt et al. () . The target control region voltage potential (E 0 [V]) range shown was curve fitted and programmed into the PLC. The utility of this control approach proved stable and was demonstrated in the pilot runs when the E 0 trending was monitored against the Mn(II) concentration.
Analysis of Figure 3 indicates that the species that we wish to have in predominance for removal by subsequent filtration is insoluble MnO 2 . The application of ozone followed sequentially after the IOR in the pilot plant. The ozone oxidation further depressed the pH from between 6 and 7 out of the IOR to around 6 after the MOR. A simple spreadsheet curve fitting exercise was used to derive the target E 0 as shown in Equation (8).
Plotting this relationship on the Pourbaix diagram in Figure 3 shows that the maximum and minimum E 0 excursion in order to remain within the MnO 2 region is ±0.15 [V]. Consequently, the full relationship can be presented as Equation (9).
This relationship was programmed into the pilot plant's control PLC, along with alarms and status indicators to alert the operator that the conditions were right for taking of samples. Run VII showed almost full removal of manganese from the effluent. The SCADA system was used to prepare a data dump for that period as shown in Figure 4 . Three salient points arise from Figure 3 : firstly, the range of acceptable E 0 values is relatively large; secondly, the measured E 0 is very stable once it is in the acceptable range; and, thirdly, the transition of the measured E 0 into the acceptable zone is very abrupt (almost a step-change). Each of these indicates that the control scheme is very stable and easily controlled. This control philosophy can be further developed into a final plant control system by using the operator status alert signals to control a pair of automated control valves: one to direct the flow to a recirculation line, and the other to direct the flow to discharge. Table 6 gives a cost comparison of various management alternatives for AMD. The table is split into the following processes: • Promotion of chemical precipitation: (i) use of lime and limestone (mostly for pH control and Fe(II) oxidation), (ii) the use of barium salts (used for sulphate removal by precipitation of BaSO 4 ), (iii) the SAVMIN process (lime þ Al(OH 3 ) þ CO 2 for sulphate removal) and (iv) the CESR process ('cost-effective sulphate removal' by stepwise pH increases with lime to remove sulphate, nitrate and metals);
Cost of treatment alternatives
• Pre-treatments only: (i) use of oxidants, (ii) use of membrane treatments of microfiltration (MF) and ultrafiltration (UF), (iii) use of caustic only, (iv) use of ozone only and (v) use of caustic and ozone;
• Membranes and ion exchange total treatments: (i) RO, (ii) SPARRO process (addition of seed crystals of gypsum to feed water of RO), (iii) EDR (electrical dialysis reversal for total dissolved solids (TDS) removal, where polarity of electrodes is periodically reversed) and (iv) GYP-CIX (ion exchange for removal of sulphate) and
• Biological total treatments: (i) utilisation of sulphate reducing bacteria (SRB), (ii) designed wetlands (free water surface and subsurface flow, (iii) alkalinity-producing systems (SRB systems that reduce sulphate to sulphides and then to elemental sulphur to precipitate metal sulphides and produce bicarbonate) and (iv) permeable reactive barrier (creation of a reactive zone in an aquifer, perpendicular to groundwater flow).
Addleman (Personal communication, 2015) treated mine water drainage in the USA with caustic with an Opex of 0.2 USD/kL and with only ozone (mine water pH at 6.3) for an Opex of 0.07 USD/kL. This study sequentially used caustic (mine water with pH as low as 2.5), followed by ozonation for a combined cost of 0.16 USD/kL, but this process was not optimised. The removal of sulphate was shown by modelling to be beneficial to increase RO water recovery and this could be accomplished by SRB in an anaerobic treatment for an Opex of 0.27 to 0.30 USD/kL, with an ion exchange system like GYP-CIX for an Opex of 0.3 to 0.69 USD/kL or with barium salts for an Opex of around 0.39 USD/kL. Wetlands are one of the least expensive of the options with an Opex of 0.09 USD/kL but may not meet final effluent objectives and depends heavily on land availability. Other elements of Table 6 include Capex and Opex cost comparisons of full treatment systems for mine water drainage.
CONCLUSIONS
In the pilot plant trials conducted, caustic was shown to easily replace the current lime system and would greatly reduce the production of waste solids. Under proper conditions for this mine drainage, about 81 per cent of the Fe could be removed (initially at 156 mg/L) as green rust without supplemental aeration with a hydraulic residence time of about 30 minutes. Supplemental aeration followed first-order oxidation and allowed 99.9 per cent Fe(II) oxidation and removal (also initially at 156 mg/L) but only with a hydraulic residence time of about 47 minutes. A hydraulic residence time of 20 to 22 minutes and oxidation with supplemental aeration removed 85 to 92 per cent of the Fe. In parallel trials, each with 22 minutes of hydraulic residence time, providing Cu(II) improved the Fe removal from 85 per cent (initially at 173 mg/L) to 97 per cent. A lower pH set point could theoretically be used with a Cu(II) catalyst, thus affecting Opex savings with the use of more expensive caustic. The Cu(II) would subsequently be removed in the RO units. Ozone applied after caustic was effective in stoichiometrically oxidising recalcitrant Mn(II) and any remaining Fe(II). Control of the ozonation process was achieved by monitoring the ORP to keep it above 450 mV. The presence of TOC had little to no effect with regards to ozone background demand. The Opex cost of using hydrated lime for pre-treatment ranged between 0.10 and 0.61 USD/kL, the larger figure for significant gypsum removal. The use of caustic, followed by ozone, proved favourable, ranging from 0.16 to 0.27 USD/kL. Table 4 ; MLD: million litres per day; MT, metric tonne; DMT, dry metric tonne; kL, kilolitre or 1 m 3 ; Opex, annual operational and maintenance costs; Capex, initial capital costs; CIP, cleaning in place; TSS, total suspended solids.
